The study of DNA/BSA interaction and the catalytic potential of four mononuclear oxidoalkoxido vanadium(V) [V V O(L 1-4 )OEt] (1-4) and one dinuclear oxidoalkoxido mixed-ligand vanadium(V) [{VO(L 2 )-OEt} 2 (Q)]{Q = 4,4'-bipyridine}(5) complexes, with tridentate binegative aroylazine ligands are reported [where H 2 L 1 = anthranylhydrazone of 2-hydroxy-1-napthaldehyde, H 2 L 2 = salicylhydrazone of 2-hydroxy-1-napthaldehyde, H 2 L 3 = benzoylhydrazone of 2-hydroxy-1-acetonaphthone, H 2 L 4 = anthranylhydrazone of 2-hydroxy-1-acetonaphthone]. All the complexes are characterized by elemental analysis as well as various spectroscopic techniques. Single crystal X-ray diffraction crystallography of 2 reveals that the metal centre is in distorted square pyramidal geometry with O 4 N coordination spheres, whereas 5 exhibits a distorted octahedral geometry around the metal center. In addition, all the complexes (1-5) show moderate DNA binding propensity which is investigated using UV-vis absorption titration, circular dichroism, thermal denaturation and fluorescence spectral studies. The experimental results show that the complexes effectively interact with CT-DNA through both minor and major groove binding modes, with binding constants ranging from 10 4 −10 5 M −1 . Among 1-5, complexes 3 and 4 show higher binding affinity towards CT-DNA than others and at the same time also exhibit negative ΔT m values of about ∼1.5 and 1.0°C which resembles the properties shown by cisplatin. All complexes show moderate photoinduced cleavage of pUC19 supercoiled plasmid DNA with complex 3 showing the highest photo induced DNA cleavage activity of ∼48%. In coherence with the DNA interaction studies, 3 and 4 also exhibit good binding affinity towards BSA in the range of 10 10 −10 11 M −1 , which is also supported by their ability to quench the tryptophan fluorescence emission spectra of BSA. All the complexes show remarkable photoinduced BSA cleavage activity (>90%) at a complex concentration of 50 μM. The catalytic potential of 1-5 is also tested for the oxidative bromination of styrene, salicylaldehyde and oxidation of methyl phenyl sulphide. All the reactions show a high percentage of conversion (>90%) with a high turnover frequency (TOF). Particularly, in the oxidative bromination of styrene the percentage of conversion and TOF vary from 96-98% and 8000-19 600 (h −1 ) respectively, which signifies the potential of these oxidovanadium(V) complexes to stimulate research for the synthesis of a better catalyst. † Electronic supplementary information (ESI) available: Tables S1-S5 and Fig. S1-S14. CCDC 1482859 (2) and 1482860 (5). For ESI and crystallographic data in CIF or other electronic format see Published in " Dalton Transaction 45(45): 18292-18307,
Introduction
The chemistry of vanadium is currently a subject of extensive research because of its increasingly recognized biochemical importance. 1 Since the discovery of high concentrations of vanadium in the blood of ascidians by Henze in 1911, 2 it has been identified as an essential element for some important vanadium-containing enzymes, nitrogenase, 3 haloperoxidase, 4 nitrate reductases 5 and also for Amavadin, 6 a compound isolated from the mushroom Amanita muscaria, that has been shown to contain an octacoordinated V 4+ ion. 7 A vanadium protein has also been proposed to catalyze the oxidation of 0.25 μm) and a flame ionization detector (FID) were used to analyze the reaction products and their quantifications were made on the basis of the relative peak area of the respective product. The identity of the products was confirmed using a GC-MS model Perkin-Elmer, Clarus 500 and comparing the fragments of each product with the library available. The percent conversion of the substrate and selectivity of the products was calculated from GC data using the formulae: Caution! Although we have not encountered problems, it is worthy of note that perchlorate salts are potentially explosive and should be handled only in small quantities with appropriate precautions.
Synthesis of complexes [VO(L 1-4 )OEt] (1-4)
Complexes 1-4 were prepared by a reported method. 35 Ammonium metavanadate [NH 4 VO 3 ] (1 mmol) was added to a hot solution of an appropriate ligand, H 2 L 1-4 (1 mmol) in EtOH (20 mL); the color changed instantly to brown. After 3 h of refluxing, the reaction mixture was filtered off and kept for crystallization. After 3 to 4 days, crystals of diffraction quality were obtained which were used for X-ray structure determination using a single crystal X-ray diffractometer.
[VO(L 1 )OEt] (1). Yield: 0.25 g (0.61 mmol), 61%. Anal. calcd for C 20 170.8, 166.1, 159.7, 133.8, 131.9, 131.7, 131.6, 129.5, 129.2,  128.8, 128.4, 127.4, 126.1, 124.2, 119.4, 118.1, 80.2, 23.6, 18.7 .
[VO(L 4 )OEt] (4). Yield: 0.28 g (0.64 mmol), 64%. Anal. calcd for C 21 H 20 
Synthesis of a mixed-ligand complex [{VO(L 2 )OEt} 2 (μ-4,4′-bipy)] (5)
To the refluxing solution of the ligand, H 2 L 2 (1 mmol) in 20 mL ethanol, 4,4′-bipyridine (0.5 mmol) was added. After 10 min, ammonium metavanadate [NH 4 VO 3 ] (1 mmol) was added to the reaction mixture. The color changed to brown. After 3 h, the solution was filtered off, and kept for crystallization. Slow evaporation of the filtrate over 5-6 days, produced crystals of diffraction quality, which were used for X-ray structure determination using a single crystal X-ray diffractometer.
[{VO(L 2 )OEt} 2 (μ-4,4′-bipy)] (5) . Yield: 0.20 g (0.21 mmol), 41%. Anal. calcd for C 50 (OEt)), 1.63-1.59 (t, 3H, CH 3 (OEt)). 13 
X-ray crystallography
Crystallographic data and details of refinement are given in Table S1 . † More details are discussed in the ESI. † 36, 37 DNA binding experiments Absorption spectral studies. Binding of the oxidoethoxido vanadium(V) complexes to calf thymus DNA (CT-DNA) was studied in 10 mM Tris-HCl buffer ( pH 8.0) containing 1% DMF as described previously 32e (more details are discussed in the ESI †).
Thermal denaturation studies. Thermal denaturation studies of CT-DNA (150 μM) in the absence and presence of complexes (50 μM) was carried out by monitoring the absorbance at 260 nm in the temperature range of 30-90°C with a ramp rate of 0.5°C min −1 in 10 mM Tris-HCl buffer ( pH 8.0) containing 1% DMF. The denaturation experiments were carried out using a Chirascan CD spectropolarimeter (Applied Photophysics, UK) in absorbance mode equipped with a quantum temperature controller. A significant hyperchromicity was observed at 260 nm upon the melting of the double stranded DNA to single stranded DNA. The melting temperature (T m ) was determined from the derivative plot (dA 260 /dT vs. T ) of the melting profile. 32e Circular dichroism studies. Circular Dichroism (CD) spectroscopy was studied using a Chirascan CD spectropolarimeter (Applied Photophysics, UK) as described previously. 38 Briefly, the spectra of 150 μM of CT-DNA in the absence and presence of complexes (25 μM) were obtained in the wavelength range of 240-300 nm in 10 mM Tris-HCl buffer ( pH 8.0) containing 1% DMF using a quartz cell.
Competitive DNA binding fluorescence measurements. The competitive binding experiments were carried out as described previously 39 (more details are discussed in the ESI †).
DNA cleavage experiments
For DNA cleavage experiments, 300 ng supercoiled (SC) pUC19 DNA was used and all experiments were carried out in 50 mM Tris-HCl buffer ( pH 8.0) containing 1% DMF and 10 mM phosphate buffer ( pH 7.8) containing 1% DMF. 40 Chemical-induced DNA cleavage. Chemical nuclease studies were performed in the dark using hydrogen peroxide (0.5 mM) as the oxidising agent in the absence and presence of complexes (1-500 μM). The solutions were first incubated at 37°C for 3 h and thereafter the DNA cleaved products were analysed by agarose gel electrophoresis.
Photo-induced DNA cleavage. The effect of oxidoalkoxido vanadium(V) complexes (1-500 μM) on the photo-induced cleavage of supercoiled (SC) pUC19 DNA (300 ng) was studied by agarose gel electrophoresis in both 50 mM Tris-HCl buffer ( pH 8.0) containing 1% DMF and 10 mM phosphate buffer ( pH 7.8) containing 1% DMF as described previously. 40 The photo cleavage reactions were carried out under illuminated conditions using a UVA source at 350 nm (Luzchem Photoreactor Model LZC-1, Ontario, Canada) fitted with 14 UVA tubes, for 3 h at room temperature (more details are discussed in the ESI †). 41 
Protein binding and cleavage experiments

Catalytic reactions
Oxidative bromination of styrene. Complexes 1-5 were used as catalyst precursors to carry out the oxidative bromination of styrene. In a typical reaction, styrene (1.04 g, 10 mmol) was added to an aqueous solution (5 mL) of KBr (3.57 g, 30 mmol), followed by the addition of CH 3 CN (20 mL) and 30% aqueous H 2 O 2 (3.39 g, 30 mmol) in a 100 mL reaction flask. The catalyst (0.0005 g) and 70% HClO 4 (0.715 g, 5 mmol) were added, and the reaction mixture was stirred at room temperature. Three additional 5 mmol portions of 70% HClO 4 were further added after every 15 min with continuous stirring. For all batches, the experimental conditions (e.g., stirring speed, the size of the magnetic bar and reaction flask) were kept as similar as possible. After 1 h, the products were extracted in the hexane layer and injected in the GC. The identity of all the products was confirmed by GC-MS.
Oxidative bromination of salicylaldehyde. Salicylaldehyde (0.610 g, 5 mmol) was added to an aqueous solution (20 mL) of KBr (1.785 g, 15 mmol), followed by addition of 30% aqueous H 2 O 2 (1.14 g, 10 mmol) in a 100 mL reaction flask. The catalyst (0.0005 g) and 70% HClO 4 (2.14 g, 15 mmol) were added, and the reaction mixture was stirred at room temperature (20°C). The addition of HClO 4 , however, in four equal portions during the reaction with a 45 min interval was necessary to improve the conversion of the substrate and to avoid decomposition of the catalyst. After 3 h, the separated white products were extracted with CH 2 Cl 2 and dried. The crude mass was dissolved in methanol and was subjected to GC. The identity of the products was confirmed as mentioned above.
Oxidation of methyl phenyl sulfide. Methylphenyl sulfide (0.620 g, 5 mmol) and 30% aqueous H 2 O 2 (1.14 g, 10 mmol) were dissolved in CH 3 CN (5 mL). After addition of 0.001 g catalyst (1-5) to the above solution, the reaction mixture was stirred at room temperature for 2.5 h. During this period, the reaction products formed were analyzed using GC by withdrawing small aliquots after fixed time intervals. The identities of the reaction products were confirmed by GC-MS. 
Results and discussion
Solution phase stability
The solution phase stability was tested over a period of 72 h at 25°C for all the complexes (1-5) by electronic absorption spectral studies. All the complexes were stable and did not show any change in the electronic absorption spectra in the above incubation period (ESI Fig. S1 †) .
Description of the X-ray structure of complexes (2 and 5)
The observed elemental (C, H, N) analytical data of all the oxidoethoxido vanadium(V) complexes are consistent with their composition. It appears from the formulation of the monomeric complexes that hydrazones serve as tridentate ligands in them. Although the preliminary characterization data (microanalysis and IR) indicated the presence of the ligand, oxido group and ethoxido group in the complexes, they could not point to any definite stereochemistry of the complexes, or the coordination mode of H 2 L. In order to authenticate the coordination mode of the azines in these complexes, the structure of 2 has been determined by X-ray crystallography. The atom numbering scheme for complex 2 is given in Fig. 1(a) with the relevant bond distances and angles given in ESI, Table S2 . † In complex 2, the vanadium(V) centre is occupied by an O 4 N coordination sphere, constituting a square pyramidal structure as indicated by the geometric parameter τ (0.13). 42 The basal plane is made up of the phenolate oxygen, enolic oxygen, imine nitrogen from the ligand and the oxygen from a deprotonated alkoxide. The Schiff base ligand forms a six membered and a five membered chelate ring at the V(V) accepter centre with bite angles of 81.6(2)°and 74.
7(2)°for O(1)-V(1)-N(1) and O(2)-V(1)-N(1) respectively. The apical position of the square pyramid is occupied by the terminal oxido group O(3). The short V(1)-O(3) distance, 1.581(6) Å indicates the presence of a vanadium oxygen double bond (VvO), which is commonly found in the five and six coordinated octahedral complexes 43 of vanadium(IV) and vanadium(V). The four V-O bond lengths are unequal, the VvO bond being the shortest and V-O (enolate) being the longest. The V-O bond length follows the order, V-O(oxido) < V-O(alkoxido) < V-O( phenolate) < V-O (enolate). These data indicate the stronger binding of the alkoxido group compared to those of the phenolate and enolate oxygen atoms. 43a,b
The dinuclear complex, 5 ( Fig. 1(b) , ESI Table S2 † 
half of the complex. The coordination environment around the V(V) center is octahedral and highly distorted. The ligand H 2 L 2 is dianionic and tridentate, with its meridionally situated donor sites O(1), N(1), and O(2) lying in the equatorial plane along with the ethoxido oxygen O(4). The chelate bite angles
DNA binding studies
Absorption spectroscopic studies. DNA binding affinity of the complexes 1-5 to CT-DNA was studied using various spectral techniques. The equilibrium binding constant (K b ) of the complexes to CT-DNA was determined with the aid of UV-vis titration experiments (Table 1 and Fig. 3 ). Complexes 1-5 exhibit absorption bands in the regions 440-400 and 340-300 nm, which are attributed to L-V(dπ) LMCT and intraligand transitions, respectively. 32a The addition of the CT-DNA to the complexes 1-5 showed a hypochromic shift in both the LMCT and intra-ligands transition bands (Fig. 3) . This hypochromic shift indicated the interaction of the CT-DNA with the complexes. This hypochromic shift may be due to the interaction between the ligand chromophores and the DNA bases. 40 In general, the extent of hypochromism or hyperchromism observed provides a measure of the strength of binding of the complexes to CT-DNA. Among all the complexes, 3 and 4 showed a significant and drastic hypochromism. This implies that these two complexes may have a higher binding affinity towards CT-DNA than others. The equilibrium binding constant (K b ) between CT-DNA and each of the complexes 1-5 was calculated using eqn (1) (Experimental section, ESI †).
The K b values reported in Table 1 revealed that 3 has the highest binding affinity of 7.16 × 10 5 M −1 and 1 has the lowest Thermal denaturation studies. To understand the nature of interaction between CT-DNA and the complexes, thermal denaturation experiments were performed. The melting temperature (T m ) of CT-DNA in the absence of any complex was 64.5°C (Fig. 4) which is quite in agreement with our previous results. 39, 40 The melting temperature of CT-DNA increased very slightly upon interaction with complex 5, while 1 and 2 had a negligible effect on the melting temperature of CT-DNA ( Fig. 4 and Table 1 ). On the other hand, a decrease in the melting point of CT-DNA of about ∼1.5 and 1.0°C was observed for complex 3 and 4 respectively ( Fig. 4 and Table 1 ). This decrease in the melting point of CT-DNA may be due to the destabilisation of a DNA double helix by these two complexes. Similar properties are also shown by wellknown alkylating agents, cisplatin and its derivatives. 45, 46 A small shift in the DNA melting temperature suggests that the interaction between the complexes and CT-DNA follows a groove binding mode. 39 Circular dichroism studies. Circular dichrosim spectroscopy was used to explore the conformational changes in CT-DNA due to interactions with the complexes. 47 CT-DNA shows two conservative CD bands in the UV region at 275 nm ( positive band) due to base stacking and at 245 nm (negative band) due to right handed helicity. 47 Groove binding and electrostatic interaction of small molecules show less or no perturbation on the base stacking and helicity bands, whereas an intercalation mode can induce intensity changes of both bands, thus modulating the right handed B-conformation of DNA. 47 The CD spectra of CT-DNA (150 μM) in the presence of the complexes showed a slight increase in the negative ellipticity at 245 nm as well as in the positive ellipticity at 275 nm (ESI Fig. S3 †) . This CD spectral behaviour of the complexes 1-5 with CT-DNA indicated that the binding of CT-DNA to the complexes follows a groove binding mode, which is in coherence with our thermal melting studies.
Competitive binding studies. The thermal denaturation and the circular dichroism experiments hinted that the complexes 1-5 bind to CT-DNA through a groove binding mode. Therefore, in order to find out the exact binding mode of the complexes with CT-DNA, we performed competitive binding experiments with three fluorescent dyes namely DAPI, MG and EB. DAPI and MG are mainly the minor and major groove binders respectively, while EB binds to DNA through intercalation. 39 The titration of the DAPI bound CT-DNA with increasing complex concentration led to the quenching of the emission intensity of the DAPI bound CT-DNA at 455 nm with a red shift in the emission maxima (ESI Fig. S4 †) . This indicated the displacement of the bound DAPI to CT-DNA by the complexes 1-5 (ESI Fig. S4 †) . Complex 3 exhibited the highest quenching of ∼90% followed by complexes 1 and 2 (∼70%) (ESI Fig. S4 †) . Complexes 4 and 5 showed the lowest quenching of ∼53% of the fluorescence intensity at 455 nm (ESI Fig. S4 †) . Hence our data clearly showed that the complexes 1-5 bind to the CT-DNA through a minor groove binding mode.
In order to assess whether the complexes interacted with CT-DNA by major groove binding, MG bound CT-DNA was titrated with increasing concentration of the complexes. The decrease in the emission intensity of the MG bound CT-DNA at 672 nm upon the addition of the complexes indicated that the complexes 1-5 interacted with CT-DNA through a major groove binding mode (ESI Fig. S5 †) . Complex 3 showed the highest quenching of the emission intensity at 672 nm of ∼40% followed by complex 1 and 4, which exhibited a quenching of ∼22 and ∼27% respectively (ESI Fig. S5 †) . The lowest quenching of the emission intensity at 672 nm was shown by the complexes 2 and 5 of ∼16 and ∼12% respectively (ESI Fig. S5 †) . Therefore our results clearly revealed that the complexes 1-5 interacted with CT-DNA through both major and minor groove binding modes.
Similar competitive experiments were also performed with EB bound CT-DNA. The addition of the complexes to the EB bound CT-DNA did not quench (<2%) the emission intensity of the EB bound CT-DNA at 597 nm significantly (ESI Fig. S6 †) . This clearly showed that the complexes did not interact with the CT-DNA by intercalation which is in good agreement with our thermal melting and circular dichroism experiments.
DNA cleavage studies
Chemical-induced DNA cleavage. The cleavage of supercoiled (SC) pUC19 DNA (300 ng) by 1-5 (1-500 μM) in the dark was done with the aid of hydrogen peroxide as the oxidising agent. The complexes do not show any apparent DNA cleavage implying that no hydrolytic cleavage activity took place. The lack of chemical nuclease activity may be due to their moderate interaction and binding with DNA.
Photo-induced DNA cleavage. In order to explore whether the DNA binding properties of the complexes 1-5 were associated with any photonuclease activity, a photo-induced DNA cleavage assay was performed. Photo-induced DNA cleavage activity of 1-5 was studied using supercoiled (SC) pUC19 DNA in 50 mM Tris-HCl buffer ( pH 8.0) containing 1% DMF upon irradiation of UVA light of 350 nm in the presence and absence of the complexes (ESI Fig. S7 †) . The extent of SC DNA cleavage by the complexes was monitored in a concentration dependent manner with the aid of agarose gel electrophoresis as shown in ESI Fig. S7 . † The oxidoalkoxido vanadium(V) complexes showed greater than ∼15% DNA cleavage activity at a concentration of 5 μM (Fig. 5 ). This cleavage activity of the complexes was almost saturated at a complex concentration of 100 μM (Fig. 5, inset) . Among all the complexes, 3 showed the highest DNA cleavage activity of ∼ 48%, which abides well with its DNA binding parameters ( Fig. 5 and Table 1 ), while the photoinduced cleavage activity of complexes 1, 2, 4 and 5 saturated at ∼36, ∼27, ∼34 and ∼25% respectively (Fig. 5) . The photonuclease activity was also carried out with 10 mM phosphate buffer at pH 7.8 containing 1% DMF and the DNA cleavage activity obtained was similar to the results observed for Tris buffer containing 1% DMF. This observation is in accordance with our previous studies with oxido vanadium complexes. 39, 40 Fig. S8 †) .
Control experiments were performed which suggest that neither DMF (1%) nor the ligands exhibited any photoinduced DNA cleavage activity, which implies that ligands or DMF (1%) were cleavage inactive under similar experimental conditions (ESI
In order to investigate the mechanism involved in the photonuclease reactions, the photo-induced DNA cleavage experiments of complexes 1-5 were performed in the presence of various quenchers. The DNA cleavage reaction involving molecular oxygen can proceed in two mechanistic pathways: (a) a type-II process involving singlet oxygen species ( 1 O 2 ), or (b) by a photo-redox pathway involving reactive hydroxyl radicals (OH). 39 The addition of NaN 3 (singlet oxygen quencher) decreased the photonuclease activity of complexes 1, 3 and 4 by ∼12, ∼9 and ∼6% respectively (ESI Fig. S9 and S10 †) . The other singlet oxygen quencher i.e. L-histidine slightly inhibited the photo-induced DNA cleavage activity by ∼4-5% for complexes 1, 3 and 4 (ESI Fig. S9 and S10 †) . But the DNA cleavage activity of 2 and 5 did not alter in the presence of these two additives (ESI Fig. S9 and S10 †) . The hydroxyl radical scavenger KI, inhibited the photonuclease activity of 1, 3 and 4 by ∼8, ∼10 and ∼8% respectively (ESI Fig. S9 and S10 †) . D-Mannitol decreased the DNA cleavage activity of 3 by ∼8%, while a marginal decrease was observed for 1 and 4 (ESI Fig. S9 and S10 †) . However, complexes 2 and 5 did not show any inhibition in the photo-induced DNA cleavage activity in the presence of these two additives (ESI Fig. S9 and S10 †) . Therefore, it can be inferred that 1, 3 and 4 exhibited photo-induced DNA cleavage activity possibly via both singlet oxygen and hydroxyl radical pathways, while the mechanistic pathways involved in the photo-induced DNA cleavage of 2 and 5 cannot be stated with certainty.
Protein binding and cleavage experiments
Bovine serum albumin (BSA) binding studies. The interaction between small molecules and serum protein is a significant characteristic of metal drug metabolism and can possibly effect the biotransformation and the mechanism of action of the chemotherapeutic agents. 48 BSA is often selected as a model protein to study the interaction of the small molecules with serum albumins due to its similarity with human serum albumin. 47 Therefore, as the oxidoalkoxido vanadium(V) complexes showed good binding propensities towards CT-DNA and photo-induced DNA cleavage activity, further investigation of the interaction of these complexes 1-5 with bovine serum albumin (BSA) was undertaken. Qualitative analysis of the interaction of the complexes 1-5 with BSA was studied by examining the quenching of the tryptophan fluorescence emission spectra of BSA in the presence of the complexes. The fluorescence of the protein is specifically caused by three amino acid residues namely tryptophan, tyrosine and phenylalanine. BSA consists of two tryptophan residues along its amino acid sequence and exhibits tryptophan fluorescence at an excitation of 295 nm with an emission maximum at 344 nm. The interaction with BSA was followed by monitoring the quenching of tryptophan fluorescence upon the addition of complexes (Fig. 6) . The intrinsic tryptophan fluorescence intensity of BSA was found to quench gradually on increasing the complex concentration of 1, 2 and 5 whereas in the case of 3 and 4 there was a drastic decrease in the fluorescence intensity of tryptophan on increasing the complex concentration (Fig. 6 ). This shows that the binding affinity of 3 and 4 towards BSA is much greater than other complexes.
In order to quantify the binding affinity of the complexes towards BSA, the Stern-Volmer quenching constant (K SV ) was calculated using eqn (3) (Experimental section, ESI †). The quenching constants for 3 and 4 were found to be 7.35 × 10 6 and 6.62 × 10 6 M −1 , respectively (Table 2), which revealed that the quenching ability of 3 and 4 is ∼10 folds greater than other complexes. The quenching constant of the complexes are in the order of 3 > 4 > 5 > 2 > 1 ( Table 2) , which is similar to the order of the binding constant of the complexes with CT-DNA as observed earlier ( Table 3) Fig. S11 †) . Both the complexes 3 and 4 showed around 10 3 -10 4 fold more binding affinity than other complexes as depicted from their binding constants of 7.60 × 10 11 and 1.74 × 10 10 M −1 respectively ( Table 2 ). The binding constant of the complexes towards BSA also followed the same order as observed for the quenching constant ( Table 2 ). The binding stoichiometry of BSA with complexes 3 and 4 was also found to be greater than other complexes i.e. 1 : 1.85 and 1 : 1.58 respectively ( Table 2) . Photo-induced BSA cleavage activity. Previously, our group and others have shown that the vanadium complexes can exhibit photo-induced BSA cleavage activity. 32e,40,50 Since complexes 1-5 exhibited good binding affinity towards BSA, their protein cleavage activity was investigated by the photo-induced BSA cleavage assay. The photo-induced BSA cleavage activity of these complexes in UVA light of 350 nm was carried out using 5 μM of BSA in 10 mM Tris-HCl buffer ( pH 8.0) containing 1% DMF. The BSA cleavage activity was monitored by SDS-PAGE gel electrophoresis in the presence and absence of complexes 1-5 (ESI Fig. S12 †) . A 50 μM solution of complexes 1-5 showed greater than 90% cleavage of BSA (5 μM) with a photo irradiation of 90 min (ESI Fig. S12a-e, † lane 7) . The complexes 1-5 did not exhibit any BSA cleavage activity in the dark. Control experiments done with 1% DMF and the ligands showed that 1% DMF and ligands were cleavage inactive under similar experimental conditions.
. The extent of quenching of the fluorescence intensity confers a measure of association of the complex with BSA. Small molecules bind independently to a set of sites in a protein molecule, and the equilibrium between the free and the bound molecule is given by the Scatchard equation 49 (eqn (4), Experimental section, ESI †). The binding constant (K BSA ) and the number of binding sites
Catalytic activity studies
Oxidative bromination of styrene. Model vanadium complexes can act as functional models of vanadium-dependent haloperoxidases in that they catalyse the oxidative bromination of organic substrates in the presence of H 2 O 2 and bromide ion. [51] [52] [53] During the catalytic reaction, the vanadium complex reacts with 1 or 2 equivalents of H 2 O 2 , and generates oxidomonoperoxido, [VO(O 2 )] + or oxido-diperoxido, [VO(O 2 ) 2 ] − species which ultimately oxidizes KBr to bromide species (Br 2 , and/or HOBr). The generated bromide species further reacts with the organic substrates with the release of a proton. The oxidoalkoxido vanadium(V) complexes reported here satisfactorily catalyse the oxidative bromination of styrene. , namely, (a)  1,2-dibromo-1-phenylethane, (b) 2-bromo-1-phenylethane-1-ol  and (c) 1-phenylethane-1,2-diol (Scheme 2) . Some minor products (benzaldehyde, styrene epoxide, benzoic acid and 4-bromostyrene) were also detected but their overall percentage of the total of the main products was very low (ca. 4%). Addition of HClO 4 in four equal portions was required to obtain better oxidative bromination. All products were separated/isolated by column chromatography and the content of each fraction was confirmed by 1 H NMR spectroscopy as well as GC-MS.
Oxidative bromination of styrene using alkoxido vanadium(V) complexes (1-5) as a catalyst precursor in the presence of H 2 O 2 , KBr and HClO 4 gave mainly three products
The reaction was carried out at room temperature and the following parameters were studied to optimize the reaction conditions for the maximum oxidative bromination of styrene considering a representative complex 3 as a catalyst precursor: (i) amount of catalyst, (ii) amount of KBr, (iii) amount of oxidant and (iv) amount of HClO 4 . Three different amounts of 3 (0.0005, 0.0010 and 0.0015 g) were used as the catalyst precursor while keeping fixed the amounts of styrene (1.04 g, 10 mmol), KBr (1.19 g, 10 mmol) , 30% H 2 O 2 (1.14 g, 10 mmol) and 70% aqueous HClO 4 (1.43 g, 10 mmol) in CH 3 CN/water (20/5 mL) (entries 1 to 3 of Table 3 ). Additions of HClO 4 were made in four equal portions, one immediately after the catalyst precursor (reaction time = 0) and the three other portions with 15 min intervals. A maximum of 21% conversion was obtained after 1 h of reaction with 0.0005 g of the catalyst, while 0.0010 and 0.0015 g of the catalyst did not improve the conversion much and gave 23% and 27% conversion, respectively. Therefore, 0.0005 g of 3 was set as optimum (Fig. 7a) .
Similarly, three different substrate-to-KBr ratios were used (entries 4 and 5). The initial conversion of 21% with a substrate-to-KBr ratio of 1 : 1 improved to 38% upon increasing the substrate to KBr ratio to 1 : 2. This conversion further increased to 69% at a substrate-to-KBr ratio of 1 : 3. Therefore 3.57 g (30 mmol) of KBr was used for optimization of other conditions (Fig. 7b) .
The effect of the amount of oxidant, added as 30% aqueous H 2 O 2 solution, was studied with the substrate-to-oxidant ratios of 1 : 2 and 1 : 3 for the fixed amount of styrene (1.04 g,  10 mmol), catalyst (0.0005 g), KBr (3.57 g, 30 mmol) and HClO 4 (1.43 g, 10 mmol) in CH 3 CN/H 2 O (20/5 mL), and the reaction was monitored at room temperature for 1 h. The conversion increased upon increasing the substrate-to-oxidant ratio, and the substrate-to-oxidant ratio of 1 : 3 gave 53% conversion of styrene (entries 6 and 7) (Fig. 7c) .
To optimize the amount of HClO 4 , four different amounts of 70% HClO 4 were used for fixed amounts of styrene (1.04 g, 10 mmol), catalyst precursor (0.0005 g), KBr (3.57 g, 30 mmol), 30% H 2 O 2 (3.39 g, 30 mmol) and CH 3 CN/water (20/5 mL). Increasing the HClO 4 amount from 1.43 g (10 mmol) to 2.86 g (20 mmol) increased the conversion from 53 to 98%. Only a slight improvement in conversion was obtained upon further increasing this amount to 4.29 g (30 mmol) (entries 8 and 9). Therefore, 2.86 g (20 mmol) of 70% HClO 4 was considered to be adequate to obtain maximum oxidative bromination of styrene (Fig. 7d) . Entry 8 of Table 3 presents the optimized reaction conditions for the oxidative bromination of 10 mmol of styrene, which are: catalyst precursor 3 (0.0005 g), 30% aqueous Catalytic activities of other complexes (1, 2, 4 and 5) have also been carried out under similar reaction conditions and are presented in Table 3 ( entries 11 to 14) . The catalytic potential of all complexes has been found to be equal (ESI Fig. S13 †) indicating no effect of substituents (-H, -NH 2 and -OH) on the benzene ring on their activity. The control experiment (without the catalyst) shows only 44% conversion under the above optimized conditions (entry 15 of Table 3 ). Fig. 8 represents the consumption of styrene and the selectivity of the Fig. 7 (a 
formation of major products with time under these experimental conditions.
Oxidative bromination of salicylaldehyde. Vanadium(V) complexes also catalyze the oxidative bromination of salicylaldehyde in the presence of H 2 O 2 . In the present study, complexes 1-5 were used as catalyst precursors with water as the solvent. The catalytic oxidative bromination of salicylaldehyde gave 5-bromosalicylaldehyde, 3,5-dibromosalicylaldehyde and 2,4,6tribromophenol (Scheme 3).
The oxidative bromination of salicylaldehyde was performed under different reaction conditions (Table S4 †) and the maximum conversion was observed for the following conditions: salicylaldehyde (0.610 g, 5 mmol), catalyst (0.0005 g), KBr (1.78 g, 15 mmol), 30% aqueous H 2 O 2 (1.14 g, 10 mmol), 70% aqueous HClO 4 (2.14 g, 15 mmol) and water (20 mL) (entry 7, Table S4 †); the addition of HClO 4 , however, in four equal portions during the reaction was necessary to improve the conversion of the substrate and to avoid decomposition of the catalyst. Under the above conditions, a maximum of 99% conversion was achieved with 3 as the representative and the selectivity of different products follows the order: 5-bromosalicylaldehyde (74%), 2,4,6-tribromophenol (21%) > 3,5-dibromosalicylaldehyde (5%). Table 4 also provides % conversion of salicylaldehyde and selectivity of the products obtained by other catalysts (1, 2, 4, 5) under the above reaction conditions and is comparable to 3. In the absence of the catalyst, the reaction mixture gave only ca. 37% conversion of salicylaldehyde with the selectivity order of products: 5-bromosalicylaldehyde (89%) > 2,4,6tribromophenol (10.5%) > 3,5-dibromosalicylaldehyde (0.5%).
Oxidation of methyl phenyl sulfide. Sulfoxides and sulfone, the oxidation product of sulfides, are useful precursors for biologically and chemically important compounds 54 in the reaction mixture to give sulfone with 35% selectivity at the end of 2.5 h. Other catalysts 1, 2, 4 and 5, tested under the above optimized reaction conditions gave maxima of 96%, 93%, 96.2% and 98% conversion, respectively. Thus, amongst the other complexes, the catalytic efficiency varies in the order: 5 > 4 > 1 > 3 > 2. The selectivity of different products along with the conversion and turn over frequency for these catalysts are presented in Table 5 . It is clear from the data of the table that the percent selectivity of the product, methyl phenyl sulfoxide is nearly the same but higher than methyl phenyl sulfone, in all cases.
Conclusions
The study of DNA/BSA interaction and the catalytic potential of four mononuclear oxidoethoxido vanadium(V) [V V O(L 1-4 )OEt]
(1-4) and one dinuclear oxidoethoxido mixed-ligand vanadium(V) [{VO(L 2 )OEt} 2 (Q)] {Q = 4,4′-bipyridine}(5) complexes, with tri-dentate binegative aroylazine ligands are reported. Single crystal X-ray diffraction crystallography of 2 reveals that the metal centre is in distorted square pyramidal geometry with O 4 N coordination spheres, whereas 5 exhibits a distorted octahedral geometry with O 4 N 2 coordination spheres around the metal center. The oxidoalkoxido vanadium(V) complexes (1-5) show moderate DNA binding propensity. Among 1-5, complexes 3 and 4 show a higher binding affinity towards CT-DNA than others and at the same time also exhibit negative ΔT m values of about ∼1.5 and 1.0°C which resembles the property shown by cisplatin.
All complexes show moderate photo-induced cleavage of pUC19 supercoiled plasmid DNA with complex 3 showing the highest photo induced DNA cleavage activity of ∼48%. Among 1-5, complexes 1, 3 and 4 exhibit photo-induced DNA cleavage activity possibly via both singlet oxygen and hydroxyl radical pathways, while the mechanistic pathways involved in the photo-induced DNA cleavage of 2 and 5 could not be determined. In coherence with the DNA interaction studies, 3 and 4 also exhibit good binding affinity towards BSA in the range of 10 10 -10 11 M −1 which is around 10 3 -10 4 fold more than other complexes. This behaviour is also supported by the ability of 3 and 4 to quench the tryptophan fluorescence emission spectra of BSA, which is ∼10 folds greater than other complexes All the complexes show remarkable photo-induced BSA cleavage activity (>90%) at a complex concentration of 50 μM. The catalytic potential of 1-5 is also tested for the oxidative bromination of styrene, salicylaldehyde and oxidation of methyl phenyl sulphide. In all the cases the percentage of conversion is increased significantly in the presence of catalysts and show high a percentage of conversion (>90%) with a high turnover frequency. Particularly, in the oxidative bromination of styrene, the percentage of conversion and TOF varies from 96-98% and 8000-19 600 (h −1 ) respectively. Moreover in all the catalytic reactions 5 shows the highest TOF value. In view of the above results, it can be predicted that these oxidovanadium(V) complexes under study may have the potential to stimulate research for synthesis of a better catalyst. However, further work is in progress to correlate the catalytic efficiency of these oxidoalkoxido vanadium(V) complexes to their biological potential. 
